The Food and Agriculture Organization advocates the Penman-Monteith (FAO-56 PM) equation as the standard model for estimation of the reference evapotranspiration (ET 0 ) because it is considered to have better accuracy. However, in regions where meteorological variables such as solar radiation, wind speed, and relative humidity are not gauged, the Hargreaves-Samani (HS) equation is resorted to as an alternative simply because it needs minimum and maximum air temperatures only as the explanatory variables. In this study, first the HS equation is applied to the monthly means of measured temperature data recorded at 275 meteorology stations in Turkey. Next, the coefficients of the HS equation are calibrated using the ET 0 values given by the FAO-56 PM equation at all these stations. Next, the HS equation is modified by adding the wind speed as an extra explanatory variable, separately in each one of seven geographical regions of Turkey, which is observed to yield smaller error statistics as compared to the original HS equation. It is concluded that for estimation of the ET 0 in regions where meteorological measurements are scarce, the HS equation modified in a similar manner can be used with better precision.
INTRODUCTION
Evapotranspiration is the summation of evaporation from wet soil plus transpiration from the leaves of plants existing on that soil, expressed in depth of water in mm over a certain area in daily, weekly, monthly, or yearly periods. Because it is needed for calculation of the irrigation water requirement, accurate estimation of evapotranspiration is vitally important due to the steadily increasing demand for food.
The first phase of evapotranspiration estimation is the calculation of the reference evapotranspiration (ET 0 ). Allen 
saturation vapor pressure (kPa), and e d is the actual vapor pressure (kPa).
The FAO-56 PM formula relates the daily ET 0 to net solar radiation, relative humidity, and wind speed next to air temperature. However, in Turkey and in many other countries, the weather stations measure the air temperature but some of them are not equipped to gauge the other variables. Owing to the paucity of meteorological data,
Hargreaves & Samani () developed a simpler formula relating ET 0 to air temperature only, known as the HS equation, which is:
Here, ET 0,HS is the reference evapotranspiration (mm day -1 ) estimated by the HS equation, R a is the extraterrestrial radiation (MJ m -2 day -1 ), T max is the maximum daily temperature ( W C), T min is the minimum daily temperature ( W C), K H and K T are the empirical Hargreaves calibration and temperature coefficients, e H is the empirical Hargreaves exponent, and 0.408 is the factor converting from (MJ m -2 day -1 ) to (mm day -1 ). Originally, these coefficients are 
MATERIALS AND METHODS
As shown in Figure 1 Under the present circumstances, Turkey has a poor station network condition because on average there is one station for a 2,962 km 2 area, which is far greater than both 900 and 250 km 2 , and is not sufficient to provide discrete representations of climatic variability meaningfully. Step-by-step calculation of the FAO-56 PM equation (Equation (1) here) is done in this study as summarized below.
The effect of the atmospheric pressure, P, on ET 0 is small, and an average value for a location is sufficient. A simplification of the ideal gas law, assuming 20 W C for a standard atmosphere, can be employed to calculate P in kPa at a particular elevation by:
where P is atmospheric pressure [kPa], and z is elevation above sea level [m] . Next, the psychrometric constant, γ, is computed by:
Saturation vapor pressure is a physical peculiarity of air related to air temperature only, and it is calculated by: where RH max is the monthly average daily maximum relative humidity [%] , and the other terms are as explained before. The mean saturation vapor pressure for a monthly period is computed as the average of saturation vapor pressures at monthly average daily maximum and minimum air temperatures in that month as:
where e W (T max ) is the saturation vapor pressure at monthly average daily maximum temperature [kPa] . Based on the idea that the soil temperature is directly related to air temperature, for monthly periods, soil heat flux is calculated by:
where T month,iþ1 and T month,i-1 are the mean air temperatures of the next and previous months [ W C].
In this study, the extraterrestrial radiation (R a ) is estimated using an equation recommended by Allen et al.
(). The R a values for each day of the year and for different latitudes can be estimated from the solar constant, the solar declination, and the time of the year by:
where Ra is extraterrestrial radiation [MJ m À2 day À1 ], G sc is the solar constant ¼ 0.0820 MJ m À2 min À1 , d r , is the inverse relative distance Earth-Sun (Equation (11)), ω s is the sunset hour angle (Equation (13)) [rad], φ is latitude [rad], and δ is solar declination (Equation (12)) [rad].
The inverse relative distance Earth-Sun, d r , and the solar declination, δ, are given by:
where J is the number of the day in the year between 1 (1 January) and 365 or 366 (31 December). The sunset hour angle, ω s , is given by: 
where ET 0 (PM) is the reference evapotranspiration calcu- an extra term inserted in its analytical form, but rather was done as a second step as depicted by Equation (15) below. Here, the value yielded by the HS equation is multiplied by a correcting coefficient which is to be determined as a function of the wind speed at that location by simple linear regression. Hence, a and b coefficients of Equation (15) were computed using the Finally, suitable new values for all the three coefficients were computed (calibration combination 7). After that, the original and the modified HS equations were also calibrated by including the wind speed data (Equation (15)) for all meteorological regions (calibration combinations 8 and 9, respectively). In addition to these nine combinations, the HS equations modified by Almorox & Grieser () for the Köppen climate classes were also applied to all seven geographic regions in Turkey, which is the final combination (calibration combination 10). The predictive abilities of these ten different combinations of the modified HS equation were quantitatively evaluated by the commonly used test statistics of mean absolute error (MAE), mean absolute relative error (MARE), and root mean square error (RMSE), which are, with the relevant quantities of this study, expressed as:
where n is the number of elements (number of stations), 
APPLICATIONS AND RESULTS
The averages for each one of the seven regions of salient statistical characteristics of the meteorological data used are given in Tables 2 and 3 which is the HS equation having all the three coefficients adjusted, which also has the wind speed as an extra explanatory variable. The effect of the wind speed is taken into account as a second step using Equation (15) Although we have taken the results provided by the FAO-56 PM equation as the benchmark values throughout our study, it should still be borne in mind that this is also a calculation model, which may be inadequate for some cases. Also, some of the terms of the FAO-56 PM equation need to be calculated themselves, which may include some degree of uncertainty. It would be therefore much more reliable to attempt to improve either the HS equation or any other model based on actual lysimeter measurements naturally.
